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Abstract: A robust low-cost ambient aqueous method for the scalable synthesis of surfactant-
free nanostructured metal chalcogenides (MaXb, M = Cu, Ag, Sn, Pb, Bi; X = S, Se, Te; a = 1 or 
2; and b = 1 or 3) is developed in this work. The effects of reaction parameters, such as precursor 
concentration, ratio of precursors, and amount of reducing agent, on the composition, size, and 
shape of the resultant nanostructures have been comprehensively investigated. This 
environmentally friendly approach is capable of producing metal chalcogenide nanostructures in 
a one-pot reaction on a large scale, which were investigated for their thermoelectric properties 
towards conversion of waste heat into electricity. The results demonstrate that the thermoelectric 
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properties of these metal chalcogenide nanostructures are strongly dependent on the types of 
metal chalcogenides, and their figure of merits are comparable with previously reported figures 
for their bulk or nanostructured counterparts. 
Keywords: ambient synthesis, metal chalcogenides, nanostructures, thermoelectric, surfactant 
free. 
 
1. Introduction. 
    Thermoelectric generators (TEG)/refrigerators (TER) can directly convert heat into electricity 
or vice versa. It is estimated that around 2/3 of energy produced is wasted as heat, and direct 
conversion of huge amount of waste heat into electricity by this green technology can 
significantly save energy and reduce carbon emissions because of its zero emissions and zero 
noise, excellent stability and reliability, and robust applicability.[1-6] To data, only niche 
applications have been achieved due to lacking high performance thermoelectric (TE) materials. 
The performance of such TE materials can be characterized by their “Figure of Merit” (or ZT) 
values, defined by Equation (1), in which S is the Seebeck coefficient, σ is the electric 
conductivity, κ is the thermal conductivity, S2σ is defined as the power factor, and T is the 
temperature.[4-10]  
𝑍𝑇 =
𝑠2𝜎
𝜅
𝑇    (1) 
    Among the different types of TE candidates, metal chalcogenides, especially lead and bismuth 
based selenides and tellurides, have been extensively investigated and applied in TE devices due 
to their excellent and reliable performance in comparison with other candidates.[11-16] For 
example, Bi2Te3 based TE modules have been successfully commercialized with a ZT of around 
1.[17] More recently, the ZT values of conventional thermoelectric materials have been 
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significantly improved to new records in the laboratory through nanotechnology, chemical 
doping, and engineering of electronic structure.[14-20] For example, a ZT of 2.4 for Bi-Sb-Te 
superlattice was achieved at 300 K, and a ZT of 2.2 for Sr-, Na-doped bulk PbTe was realized at 
915 K.[14,17] I-doped bulk Cu2Se exhibited a ZT of 2.3 at 400 K,
[18] and its analogue Cu2S had a 
ZT of 0.5 at 673 K.[19] The high ZT and low cost of metal chalcogenides make them very 
promising in heat conversion.[20]  
    It has been demonstrated that the improvement of ZT in most metal chalcogenides in recent 
reports is attributable to the introduction of nano-precipitates (or nanograins), which can 
effectively decrease their thermal conductivity. Although most metal chalcogenide 
nanostructures could be synthesized via ball milling in large scale,[7-8,11,13-14,21-22] this process is 
time-consuming, and the resultant nanostructures have a broad size distribution. Moreover, the 
product could be contaminated during the milling process.[21-22] Alternatively, nanostructured 
metal chalcogenides can be prepared by wet chemical methods.[23-41] With novel hydrothermal 
and solvothermal approaches, various metal chalcogenides with a good control of the size, shape 
distributions, and crystallinity, could be obtained; such as Sb2X3 nanobelts (X=S, Se, Te),
[24] 
dendrite like Cu2-xSe
[25] etc. With a so-called mixed solvothermal method, which is effective to 
form unique nanostructures within a mixed solvent under mild conditions, a variety of metal 
chalcogenides with different morphologies could be obtained. For example, unique ZnSe 
nanobelts could be obtained using NH3.H2O, H2O and diethylenetriamine (DETA) as a mixed 
solvent.[26] However, the costs of these wet chemical methods are high, reaction conditions are 
harsh, and the yield is too low. Hence, the commercially used thermoelectric metal 
chalcogenides are usually prepared in bulk by high-temperature reactions with several heating 
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and cooling steps. A robust, scalable, and greener method is highly desirable for preparing metal 
chalcogenide nanostructures. 
    In this work, an environmentally friendly, low cost, and scalable approach for the synthesis of 
a broad range of metal chalcogenide nanostructures (MaXb, M = Cu, Ag, Sn, Pb, Bi, Sb; X = S, 
Se, Te; a = 1 or 2; and b = 1 or 3) is developed. The reason we choose wet chemical method is 
due to its low cost and controllability of product properties.[23-41] The resultant nanopowders are 
consolidated into pellets through the spark plasma sintering (SPS) technique for investigation of 
their thermoelectric performance. 
2. Experimental Section  
2.1 Chemicals 
    All chemicals were acquired from Sigma-Aldrich. and used as received without further 
purification. The main chemicals include Se powder (-100 mesh, ≥ 99.5%), Te powder (-200 
mesh, ≥ 99.8%), NaBH4 (caplets, ≥ 98%), Na2S∙9H2O (≥ 98%), CuCl2.2H2O (≥ 99%), AgNO3 (≥ 
99%), Bi(NO3)3∙5H2O (≥ 98%), Pb(NO3)2 (≥ 98%), SnCl2∙2H2O (≥ 99.99%), and SbCl3 (≥ 99%). 
2.2  Synthesis of Metal Chalcogenide Nanostructures  
    Metal chalcogenide nanostructures were synthesized by an aqueous route under ambient 
conditions via a reduction-precipitation process. The experimental design is based on the low 
water solubility of metal chalcogenides (Table S1 in the Supporting Information, as indicated by 
“S” before the figure or table number) and the low cost of the wet-chemistry method.[23-41] A 
typical synthesis is exemplified by cuprous selenide nanoparticles, as shown in Figure 1, 3.16 g 
(40 mmol) Se powder was reduced by NaBH4 in 400 ml H2O under magnetic stirring with the 
protection of inert gas to form a colorless solution. 13.6 g (80 mmol) CuCl2∙2H2O was 
completely dissolved in distilled water and added into the selenium precursor solution to 
immediately generate a black precipitate. The product was purified with distilled water and dried 
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at 80 ºC in a vacuum oven. The whole synthesis procedure was completed within 1 hour, and the 
yield was calculated to be 90 % (Figure 1, inset picture).  
    The syntheses of cuprous telluride and sulphide nanoparticles are similar to those of their 
selenide analogues, except that Te powder and Na2S∙9H2O were used to replace Se powder. The 
reaction parameters for syntheses of other metal chalcogenide nanostructures are summarized in 
Table S2. It should be noted that inorganic acid (e.g. HNO3) was added into the bismuth 
precursor to prevent its hydrolysis during the synthesis of bismuth chalcogenide nanostructures.  
 
Figure 1. Schematic illustration of synthesis route; inset picture shows the weight of 40 mmol 
(theoretical yield) synthesized Cu2Se powder. 
2.3 Characterization 
     X-Ray diffraction (XRD) measurements were carried out at room temperature with an X-ray 
diffractometer (GBC-MMA) using Cu-Kα radiation (λ = 0.153 nm). Scanning electron 
microscopy (SEM) was conducted on a JEOL JSM-7500FA microscope. Transmission electron 
microscopy (TEM) images were obtained on a JEOL JEM-2011 microscope with an accelerating 
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voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) was conducted using a SPECS 
PHOIBOS 100 Analyzer installed in a high-vacuum chamber with the base pressure below 10–8 
mbar, with X-rays provided by Al Kα radiation with the photon energy hν = 1486.6 eV at the 
high voltage of 12 kV and power of 120 W. The binding energy spectra were collected with the 
pass energy of 20 eV in the fixed analyzer transmission mode. Analysis of the XPS data was 
carried out using the commercial Casa XPS 2.3.15 software package. All spectra were calibrated 
with C 1s = 284.6 eV.  
2.4 Thermoelectric Performance Tests.  
    The as-synthesized nanostructures were loaded into a graphite die with a diameter of 20 mm 
and sintered into a pellet using the spark plasma sintering (SPS) technique. A rectangular block 
(4 × 1 × 10 mm3) was cut and assembled for testing the thermoelectric properties. Both the 
Seebeck coefficient and the electrical conductivity were measured simultaneously using an 
Ozawa RZ2001i (Japan) instrument in helium atmosphere. A Linseis LFA1000 (Germany) 
system was used to determine the thermal diffusivity of the samples, which were cut and 
polished into Φ10 × 1 mm2 disks. Thermal conductivity (κ) was calculated using the equation κ = 
D × Cp × ρ, where D is the thermal diffusivity, Cp is the heat capacity, and ρ is the sample 
density measured by the Archimedes method. The temperature dependence of heat capacity was 
determined on a DSCQ100 instrument by differential scanning calorimetric (DSC) using a 
sapphire standard with a heating rate of 10 K/min and a N2 flow of 50 ml/min.  
 
3. Results and Discussion 
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Figure 2. (a-i) SEM images and (j) XRD patterns of the as-prepared metal chalcogenide 
nanostructures, with the black vertical lines marking the lines of the standard. 
 
    Surfactant-free metal chalcogenide nanostructures were prepared by co-precipitation of 
cationic and anionic precursors in aqueous solution. Selenium and tellurium powders were 
respectively selected as precursors of metal selenides and tellurides because they can be reduced 
by water-soluble NaBH4, as their reduction potentials (φSe/Se
2- = -0.924 V; and φTe/Te
2- = -1.143 
V) are lower than that of H-/H2 (1.24 V). Their reduction could be simplified by Equations (2-3) 
according to the literature.[42-44]  
2𝑆𝑒 + 4𝑁𝑎𝐵𝐻4 + 7𝐻2𝑂 → 2𝑁𝑎𝐻𝑆𝑒 + 𝑁𝑎2𝐵4𝑂7 + 14𝐻2 ↑     (2) 
2𝑇𝑒 + 4𝑁𝑎𝐵𝐻4 + 7𝐻2𝑂 → 2𝑁𝑎𝐻𝑇𝑒 + 𝑁𝑎2𝐵4𝑂7 + 14𝐻2 ↑     (3) 
     Metal chalcogenides precipitate upon the addition of the metallic ions into the anionic 
solution because of their extremely low solubility, as indicated by the small Ksp in Table S1. The 
formation of metal chalcogenides can be generally expressed by Equation (4), in which M 
represents the metallic ions and X represents the anionic ions, respectively.   
𝑏𝑀𝑎+ + 𝑎𝑋𝑏− → 𝑀𝑏𝑋𝑎 ↓     (4) 
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Although these metal ions such as Pb2+, Bi3+, Ag+, Sn2+ etc. are easily reduced by NaBH4, the 
molar ratios of NaBH4 to Se/Te are strictly set at 2:1 except in the preparation of cuprous 
chalcogenide nanoparticles. There is no excessive NaBH4 left and no metal ions are reduced 
(except the reduction of Cu2+ into Cu+).[42-44] Hence different from the literatures,[39, 41] there is 
no metal nanoparticles formed and no disproportion of Se/Te happened during the whole 
preparation.    
    For metallic ions with variable valences, such as Cu2+, however, the formation mechanism is 
much more complex, because it involves reduction of the metallic ions. It is crucial to precisely 
control the ratio between the metallic precursor (such as Cu2+) and the reducing agent during the 
preparation of these metal chalcogenide nanostructures, which is demonstrated by Cu2Se 
nanoparticles prepared from CuCl2.2H2O.
[45-48] In this process, the reduction of Cu2+ by NaBH4 
includes several reactions [Equations (5-14)], which are strongly dependent on their ratios and 
the pH of solution. According to the literature,[45-48] NaBH4 itself can be hydrolyzed to release H2 
and form a weak basic solution via Equations (5-6). The formed H2 reacts with the hydroxyl ions 
(OH-) to produce solvated electrons (e-) [Equation (7)], which preferably reduce Cu2+ ions into 
Cu+ by Equation (8), because the redox potential φCu
2+
/Cu
+ (+ 0.153 V) is less than half of φCu
2+
/Cu 
(+ 0.34 V).[45] Under the acidic conditions (low pH value), reactions in Equations (9-12) are 
suppressed and the formed Cu+ ions react with Se2- ions to form Cu2Se precipitates.
[46] In the 
basic solution (i.e. OH- or NaBH4 is excess), Cu2O is formed through Equations (9-10). Also, the 
cation exchange Equation (13) was suppressed. Further increasing the amount of NaBH4 leads to 
the increase in pH value and the formation of Cu [Equation (14)].[47]  
   Although the critical NaBH4 amount for avoiding the formation of Cu2O is impossible to 
theoretically predict as NaBO2 is a weak electrolyte, in our case, the experimental ideal amount 
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of NaBH4 is 3 times that of the CuCl2 or Se [i.e. the molar ratio of NaBH4: CuCl2 (Se) is 3:1 in 
Table S2], in which two thirds is consumed through the reduction of Se powder [Equation (2)] 
and one third is used for reduction of Cu2+ into Cu+.  
𝑁𝑎𝐵𝐻4 + 2𝐻2𝑂 → 4𝐻2 ↑ +𝑁𝑎𝐵𝑂2      (5) 
𝐵𝑂2
− + 2𝐻2𝑂 → 𝐻3𝐵𝑂3 + 𝑂𝐻
−   (6) 
𝐻2 + 2𝑂𝐻
− → 2𝑒− + 2𝐻2𝑂   (7) 
𝐶𝑢2+ + 𝑒− → 𝐶𝑢+  (8) 
𝐶𝑢+ + 𝐻2𝑂 → 𝐶𝑢𝑂𝐻 +𝐻
+  (9) 
2𝐶𝑢𝑂𝐻 → 𝐶𝑢2𝑂 + 𝐻2𝑂  (10) 
𝐶𝑢2𝑂 + 𝐻
+ + 𝑂2 → 𝐶𝑢
2+ +𝐻2𝑂  (11) 
2𝐶𝑢+ → 𝐶𝑢2+ + 𝐶𝑢    (12) 
𝐻2𝑂 + 𝐶𝑢2𝑂 + 𝑆𝑒
2− → 𝐶𝑢2𝑆𝑒 + 2𝑂𝐻
−  (13) 
4𝐶𝑢2+ + 8𝑂𝐻− + 𝑁𝑎𝐵𝐻4 → 𝐶𝑢 + 𝑁𝑎𝐵𝑂2 + 6𝐻2𝑂    (14) 
    Use of this simple method can produce grams of cuprous selenide nanoparticles in a one-pot 
reaction with a yield over 90% (Figure 1, inset picture). The other metal chalcogenides, such as 
lead and bismuth chalcogenide nanostructures, can be prepared in a similar reduction-
precipitation way. To confirm the formation of metal chalcogenide nanostructures, the resultant 
products were characterized by SEM and XRD, respectively. As shown in Figure 2, all the 
products are pure phase metal chalcogenide nanostructures with different morphologies. 
However, unlike other spherical metal chalcogenide nanoparticles, Bi2S3 has a shuttle-like 
morphology [Figure 2(g)]. In contrast to other well-crystallized metal chalcogenides, Bi2Se3 
nanoparticles show amorphous features [Figure 2(j)]. The atomic ratio of Bi to Se is 
approximately 2:3, as determined by energy dispersive spectroscopy (EDS) in Table S3. 
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Annealing the amorphous Bi2Se3 nanoparticles at 400 °C for 10 min drastically improved their 
crystallinity, and their XRD peaks (Figure S1) fit well with those of the Bi2Se3 standard (JCPDS 
33-0214). In the case of Bi2Te3 nanoparticles, their XRD pattern is very close to the standard 
peaks of Bi2Te3 (JCPDS 08-0027), which was shown in Figure S2. The results of EDS and 
HRTEM of Bi2Te3 sample also support the formation of Bi2Te3. Figure S3(a) and Table S4 show 
the EDS spectrum and atomic ratio in this sample. Bi, Te, C, and O elements are detected in the 
sample, in which C and O arise from the conductive carbon tape and the atom ratio of Te to Bi is 
1.8:1. The HRTEM of Bi2Te3 sample with the lattice space of 0.323 nm is shown in Figure S3(b), 
which coincides with the (015) plane of Bi2Te3 (JCPDS 08-0027). The Fast Fourier Transfer 
(FFT) image [left top in Figure S3(b)] also confirms the crystal structure of Bi2Te3.    
    To further confirm the purity of the metal chalcogenide nanostructures, all samples were 
screened using X-ray photoelectron spectroscopy (XPS) (Figure S4). The absence of other 
elements apart from C, O, M, and X demonstrates their high purity. The XPS spectra of the 
individual elements are displayed in Figure S4(b-d), and their binding energies are summarized 
and compared with previously reported values in Table S5. The good agreement with the 
literature values supports the high purity of our metal chalcogenide nanostructures.[49-57]  
   The size and morphology of the metal chalcogenide nanostructures are characterized by TEM 
in Figure 3. The particle size distribution of each sample, counted from 200 particles, is 
presented in Figure S5. Except for the Bi2S3 nanorods, other metal chalcogenides exhibit 
spherical morphology and have an average particle size of 10-20 nm with a narrow distribution. 
The formation of such small uniform nanoparticles in the absence of surfactants is attributed to 
the homogeneous precipitation in the aqueous solution and the extremely low solubility of the 
products. 
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    Figure 3 clearly shows that metal selenides have the smallest size in comparison with metal 
sulfides and metal tellurides. The Gibbs free energy (ΔG) can be expressed by Equation (15), in 
which R is a constant, T is the temperature, and Ksp is the solubility shown in Table S1. Jsp can 
be expressed by Equation (16), where C(Mb+) and C(Xa-) represent the concentrations of Mb+ and 
Xa-, respectively.  
𝛥𝐺 = 𝑅𝑇 × 𝑙𝑛
𝐽𝑠𝑝
𝐾𝑠𝑝
      (15) 
 
Figure 3. (a-i) TEM images of Cu-, Pb-, and Bi-based chalcogenide nanostructures. 
𝐽𝑆𝑃 = 𝐶
𝑎(𝑀𝑏+) × 𝐶𝑏(𝑋𝑎−)    (16)  
    To better understand the formation of metal chalcogenide nanostructures, their formation 
energies were calculated according to the concentrations of Mb+ and Xa- listed in Table S2 and 
Equations (15-16). The results are plotted in Figure 4(a). Although the Ksp values of some 
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tellurides (e.g. Cu2Te, Bi2Te3, and Sb2Te3) are missing, it can be deduced that the formation 
energy of the metal chalcogenides increases as the chalcogen source changes from sulfides 
through selenides to tellurides; for example, the formation energy of lead chalcogenides is in an 
order of ΔG (PbS) = 146.3 kJ/mol < ΔG (PbSe) = 191.7 kJ/mol < ΔG (PbTe) = 206.9 kJ/mol. For 
metal selenides, the formation energy of Bi2Se3 (700.8 kJ/mol) is obviously higher than those of 
other metal chalcogenides, and then followed by Sb2Se3 (605.5 kJ/mol) and Cu2Se (325.2 
kJ/mol). From the thermodynamic perspective, larger ΔG usually indicates faster nucleation and 
growth, which leads to a smaller particle size. As displayed in Figure S5 and Figure 4(b), the 
average particle size of PbSe (7.3 ± 1.2 nm) is smaller than that of PbS (11.6 ± 2.3 nm); the 
particle size of Cu2Se (8.5 ± 1.4 nm) is smaller than that of Cu2S (9.4 ± 1.8 nm); and the particle 
size of Bi2Se3 (6.4 ± 1.0 nm) is the smallest among all the selenides.  
 
Figure 4. (a) Calculated formation energies of different kinds of metal chalcogenides; (b) 
average particle sizes of the Cu-, Pb- and Bi-chalcogenides, with the shuttle-like Bi2S3 nanorods 
excluded. 
 
    The particle sizes of metal tellurides are larger than those of their corresponding selenides 
[Figure 4(b)], however. For example, the particle size of Cu2Te (11.7 ± 3.5 nm) is larger than 
that of Cu2Se (8.5 ± 1.4 nm), the size of PbTe (21.3 ± 4.7 nm) is larger than that of PbSe (8.3 ± 
a b 
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1.2 nm), and the size of Bi2Te3 (14.4 ± 3.2 nm) is also larger than that of Bi2Se3 (6.4 ± 1.0 nm). 
This is in contrast to the sequence of their formation energies, e.g. ΔG (PbTe) > ΔG (PbSe), and 
the deviation demonstrates that the formation of nanostructured metal chalcogenides is not only 
dominated by their formation energy (or extremely low Ksp), but also could be related to other 
reaction parameters such as the release of H2 bubbles (Figure 1), which could play the role of 
surfactant during formation of nanostructures.[58-61] During the preparation of metal tellurides, 
the reduction of Te powder usually lasted longer (around 5 hours in Table S2) than the reduction 
of selenium powder (30 min). The slow release of H2 bubbles leads to less bubbles during 
precipitation and cannot effectively prevent the growth of nanoparticles, resulting in bigger 
particles than in their selenide analogues.  
    A simple set-up shown in Figure S6 was used to monitor the release of H2 and the change of 
solution temperature against reaction time during the reduction of Se/Te powder (1 mmol) with 
NaBH4 (3 mmol) in 10 ml H2O. The obtained results are shown in Figure 5. For the reduction of 
Se powder with NaBH4 [Figure 5 (a)], the release of H2 is up to 260 ml within the initial 30 min, 
accompanied with the increase of temperature from 22 °C to 26 °C. There is almost no release of 
H2 after 30 min, and the volume of H2 slightly decreased to 255 ml due to the decrease of 
temperature to 23 °C. Figure 5(b) shows a similar trend in the release of H2 during the reduction 
of Te powder. The release of H2 also quickly increased to 245 ml in the initial 30 min, and didn’t 
change with reaction time till 270 min. The fast release of H2 at the beginning of the reduction of 
Te powder mainly arises from the hydrolysis of NaBH4. The solution temperature of Te system 
slightly increased from 18 °C to 19 °C and then kept constant during reduction. For both Se and 
Te system, despite the release of H2 in both cases is close to the theoretical value [264.4 ml at 
273 K under 1 atm for 3 mmol NaBH4 according to equation (2)-(5)] within the initial 30 min, 
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the reduction of Te powder usually needs longer time. Thus the number of H2 bubbles formed 
when metal ions are added in Te2- solution is much less than that selenides formed, and finally 
this leads to the bigger tellurides nanoparticles. 
 
Figure 5. Time-dependence of the release of H2 and the change of temperature during reduction 
of (a) Se and (b) Te with NaBH4. 
 
    As mentioned previously, Bi2Se3 nanoparticles are amorphous, unlike other metal 
chalcogenide nanostructures. According to the literature, [62-65] this is related with the extremely 
high driving force [Figure 4(a), ΔG (Bi2Se3) = 700.8 kJ/mol], that can lead to fast nucleation and 
growth of the Bi2Se3 nanoparticles. In addition, as shown in Table S2, inorganic acid (HNO3) 
was added to the Bi-precursor to prevent its hydrolysis, and the addition of the Bi-precursor to 
the Se-precursor solution produced large amount of heat due to the reaction between H+ and OH-. 
As shown in Figure S7(a-b), the temperature of the solution was around 17.5 °C before the 
addition of Bi3+ solution, and it rose to 21.9 °C after the addition of Bi3+ solution into the 
selenium precursor. The release of heat could influence the crystallinity of the ultra-small 
nanoparticles because the melting point of nanoparticles is strongly dependent on particle size.[66] 
Hence the small Bi2Se3 nanoparticles could form amorphous structure. 
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    In the case of Bi2S3 nanorods, NaBH4 was not used, but the same amount of HNO3 (4 ml, 15 
M) was added during the preparation (Table S2), which led to an increase in Ksp and a stronger 
acidic environment than in the cases of Bi2Se3 and Bi2Te3. This slowed the nucleation and 
growth of the Bi2S3 according to Equation (15). Moreover, the reaction between H
+ and OH- in 
the case of Bi2S3 is much milder than in the case of Bi2Se3 without using of NaBH4. As shown in 
Figure S7(c-d), the temperature difference before and after the formation of Bi2S3 nanorods is 
2.0 °C (i.e., from 20 °C to 22 °C), smaller than the temperature difference (4.4 °C) in the case of 
Bi2Se3 nanoparticles (i.e., from 17.5 °C to 21.9 °C). All these factors make Bi2S3 nanoparticles to 
be highly crystalline. 
    The formation of the shuttle-like nanorods is due to the different growth rates of Bi2S3 facets 
and the balance between etching and growth in an acidic environment.[67-68] Figure S8 clearly 
shows the incomplete growth at both ends of a typical nanorod. The importance of acidic 
conditions for the growth of rod-like Bi2S3 nanocrystals is further demonstrated by a control 
experiment, in which the amount of HNO3 was decreased to the critical value (molar ratio of H
+ 
to Bi3+ of around 9:1) that can only prevent the hydrolysis of Bi(NO3)3. Amorphous 
nanoparticles were obtained after addition of Na2S solution (Figure S9).  
    To demonstrate the applicability of this robust approach, antimony, tin and silver chalcogenide 
nanostructures were also prepared in a similar way. The XRD patterns of the resultant 
nanostructures are shown in Figure S9(a) and Figure S10. Similar to Bi2Se3 with a small Ksp 
(Table S1), the resultant Sb2Se3 nanoparticles obtained under the same conditions are amorphous 
[Figure S9(a)] due to the fast precipitation driven by the large ΔG (605.5 kJ/mol) arising from its 
low solubility.  
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    The compositions and particle sizes of metal chalcogenide nanostructures can be tuned by 
controlling the reaction parameters, which is demonstrated by the case of Cu2Se nanoparticles. 
Detailed parameters for control of Cu2Se nanoparticles are listed in Table S6. As discussed 
previously, NaBH4 plays a crucial role in controlling the composition of metal chalcogenides 
(especially for Cu2X), and the ideal molar ratio of NaBH4 to Se for formation of Cu2Se 
nanoparticles is 3:1. When the mole ratio of NaBH4: Se is decreased to 2:1, there is no reduction 
of Cu2+, and the product is CuSe rather than Cu2Se (Figure S11). When excessive NaBH4 was 
used (e.g. NaBH4: Se ≥ 4:1), although all the Cu
2+ ions can be reduced to Cu+, the formation of 
Cu2O is unavoidable because of Equations (7-11) and suppression of the Equations (12) and (14), 
so the product is a mixture of Cu2O and Cu2Se. Further increasing the molar ratio of NaBH4 to 
Se from 4:1 via 6:1 to 8:1 resulted in stronger and stronger Cu2O peaks in the XRD patterns of 
the products (Figure S11).  
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Figure 6. TEM images of Cu2Se nanoparticles prepared from (a) 0.01 M; (b) 0.05 M; (c) 0.4 M 
NaHSe; (d) dependence of particle size on concentration of NaHSe. 
 
    The concentrations of precursor solutions have an important influence on the particle size. 
Figure 6 shows TEM images of the Cu2Se nanoparticles synthesized with varying concentrations 
of NaHSe solution. The histograms of the particle size distributions are plotted in Figure S12(a-
c). The average particle size increases from 6.6 ± 1.2 nm to 12.8 ± 3.1 nm as the concentration of 
NaHSe increases from 0.01 M to 0.4 M. The precursor concentration did not influence the 
composition of the final products, as their XRD patterns shown in Figure S13 are indexed to pure 
Cu2Se. 
 
Figure 7. TEM images of Cu2Se nanoparticles prepared by using different reduction times:  (a) 
15 min; (b) 45 min, and (c) 60 min. (d) dependence of particle size on reduction time. 
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    As described previously, the release of H2 bubbles during the reduction of Se powder could 
influence the subsequent precipitation of Cu2Se, as they can prevent the aggregation of 
nanoparticles.[59-61] Prolonging the reduction time of the Se powder may reduce their influence 
[Figure 5(a)]. We therefore investigated the effect of reduction time on the particle size of the 
Cu2Se precipitates. As demonstrated by Figure 7(a-c) and Figure S13, with increasing reduction 
time, the mean size of the Cu2Se nanoparticles gradually increases from 6.8 ± 1.5 nm to 11.0 ± 
1.7 nm [Figure 7(d)] without any change in their composition. In summary, our method is 
capable of producing various surfactant-free nanostructured metal chalcogenides at room 
temperature on a large scale with a high yield (> 90%). Especially, for the first time, pure 
amorphous Bi2Se3 nanoparticle is successfully synthesized at room temperature.
[69-71] The size 
and composition of the metal chalcogenide nanostructures could be easily controlled by adjusting 
the reaction parameters. 
   Four nanostructured metal selenides (i.e., Cu2Se, Bi2Se3, SnSe, and Ag2Se) were chosen to 
investigate their thermoelectric properties, because these metal selenides are not only less toxic 
and relatively cheaper than their tellurides, but also exhibit better performance than the sulfides. 
Figure S14 shows the TEM image, size distribution, and XPS spectra of SnSe nanoparticles used 
for thermoelectric investigation. The average particle size is 9.3 ± 1.7 nm [Figure S14(b)]. The 
binding energies of Sn 3d and Se 3d coincide well with those of reported SnSe [Figure 
S14(c)].[72] Characterizations of Ag2Se nanoparticles are presented in Figure S15, which shows 
that the morphology of Ag2Se is bigger and non-uniform in comparison with those of the other 
metal chalcogenide nanostructures; the binding energies of Ag 3d and Se 3d are consistent with 
those of reported Ag2Se.
[73]  
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The dried nanopowders were consolidated into pellets by the SPS technique, and the sintering 
parameters and relative density are listed in Table S7. The densities of SnSe and Bi2Se3 pellets 
are relatively low as we did not attempt to optimize the sintering conditions. Besides, as shown 
by TGA result (Figure S16), obvious weight loss could be detected in SnSe and Bi2Se3 above 
320ºC. The low pressure in the chamber of SPS machine led to the volatilization of sample 
during SPS process. The relation between porosity of pellet and thermoelectric performance has 
been extensively studied. [74-76] Generally, there is a trading off between the adverse effect of 
pores on reducing carriers mobility and good effect on increasing phonon scattering, the size and 
concentration of pores should be carefully controlled.  
The morphologies and XRD patterns of the sintered pellets are presented in Figure S17. It 
shows that after the SPS sintering, Cu2Se nanoparticles grow into big particles with an average 
size of 100 nm [Figure S17(a)], uniform nanoplate-like structures appear in the sintered Bi2Se3 
pellet [Figure S17(b)], and a mixture of plates and nanoparticles are observed in the SnSe pellet 
[Figure S17(c)]. The sintered Ag2Se pellet has higher density than the other 3 selenides, in 
addition to the presence of minor nanoscale pores [Figure S17(d)]. Compared with the original 
powder, there is no change in their crystal structures [Figure S17(e)]. Thermogravimetric 
analysis (TGA) was conducted on the 4 pellets to determine their thermal stability [Figure S16(a-
d)]. The results confirm that the Cu2Se pellet is stable below 450 °C, and the overall weight loss 
is smaller than 0.1 %. The Bi2Se3 and SnSe pellets respectively show an abrupt weight loss at 
around 322 and 335 °C, and the Ag2Se pellet shows no weight loss below 350 °C. Their 
temperature-dependent heat capacities (Cp) are plotted in Figure S16(e-h). Obvious phase 
transitions at around 66 °C and 103 °C for the Cu2Se and Ag2Se pellets [Figure S16(e) and (h)] 
are observed, respectively, which are consistent with reports in the literature.[77-78] The Cp curves 
 20 
of the Bi2Se3 and SnSe samples show a dropping trend beyond 300 °C, which may be caused by 
the volatilization of the sample arising from instability above this temperature.  
    Figure 8(a-c) demonstrates the thermoelectric performance of the Cu2Se pellet sintered from 
nanoparticles. A high electrical conductivity (σ), ranging from 1000 to 7000 S/cm, and a positive 
Seebeck coefficient [Figure 8(a)] were observed. The σ decreases with increasing temperature, 
and the S varies in the opposite way. Due to the phase transition, its thermal conductivity (κ) first 
decreases from 1.3 W/(m.K) at 50 °C to 0.3 W/(m.K) at 100 °C, followed by increasing to 0.9 
W/(m.K) at 150 °C and slightly decreasing to 0.87 W/(m.K) at 450 °C. The ZT of our Cu2Se 
pellet gradually increases with increasing temperature and reaches 0.45 at 450 °C, which is 
slightly lower than that of the corresponding bulk sample, as shown in Figure 8(c).[78] The 
difference may be caused by the presence of excess amount grain boundaries, which can 
decrease the thermal conductivity at the cost of electrical conductivity.[79-81] The thermoelectric 
properties of the Bi2Se3 pellet are presented in Figure 8(d-f). Compared with Cu2Se, the electrical 
conductivity (σ) of Bi2Se3 is lower, and it first decreases from 187 S/cm at 65 °C to 160 S/cm at 
140 °C, and then increases to 205 S/cm at 230 °C. With increasing temperature, the Seebeck 
coefficient (S) increases from -75 µV/K at 65 °C to -102 µV/K at 230 °C. The thermal 
conductivity (κ) gradually decreases from 0.48 W/(m.K) at 68 °C to 0.38 W/(m.K) at 300 °C 
[Figure 8(e)]. As shown in [Figure 8(f)], the ZT value of our Bi2Se3 pellet is apparently higher 
than the literature value [82] and reaches 0.27 at 230 °C. The higher ZT is mainly due to the ultra-
low thermal conductivity caused by the presence of nanograins.[79-81] 
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Figure 8. Temperature dependence of the thermoelectric properties, the electrical conductivity 
(left column), the thermal conductivity (middle column), and the ZT (right column), of (a-c) 
Cu2Se pellet, (d-f) Bi2Se3 pellet, (g-i) SnSe pellet, and (j-l) Ag2Se pellet in comparison with 
previous reports. 
 
    The SnSe pellet has lower electrical conductivity (σ) than the Bi2Se3 but a relatively higher 
Seebeck coefficient, as displayed in Figure 8(g). It should be noted that the σ of SnSe is not 
sensitive to temperature, i.e., σ fluctuates between 38 S/cm and 29 S/cm when the temperature is 
increased from 60 °C to 300 °C. The thermal conductivity of SnSe is notably decreased from 1 
W/(m.K) at 50 °C to 0.5 W/(m.K) at 300 °C [Figure 8(h)]. Figure 8(i) compares the temperature 
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dependence of ZT for our sample with that of single-crystal SnSe.[83] The maximum ZT of our 
sample is 0.38 at 300 °C, higher than that of single crystal SnSe (ZT = 0.21) at the same 
temperature.  
    Figure 8(j-l) shows the thermoelectric properties of the Ag2Se pellet. An obvious transition 
point arising from the phase transition is observed in the electrical conductivity and the Seebeck 
coefficient, i.e. the σ first increases from 2000 S/cm at 50 °C to 9000 S/cm at 140 °C, and then 
decreases to 2000 S/cm at 350 °C, while the Seebeck coefficient decreases from -55 µV/K at 
50 °C to -22 µV/K at 140 °C and then remains constant to 350 °C [Figure 8(j)]. Similarly, the 
thermal conductivity first increases gradually from 1.2 W/(m.K) at 50 °C to 3.0 W/(m.K) at 
140 °C, and then gradually decreases to 2.4 W/(m.K) at 350 °C [Figure 8(k)]. Similar to a 
previous report,[77] the ZT of our Ag2Se drastically decreases from 0.45 at 50 °C to 0.05 at 
140 °C and then remains constant to 350 °C [Figure 8(l)]. 
 
4. Conclusion 
    A robust and scalable aqueous method to the synthesis of different nanostructured 
thermoelectric metal chalcogenides is developed. The solubility of metal chalcogenides and the 
amount of reducing agent play crucial roles in the formation of such nanostructures. The particle 
size and composition of metal chalcogenides could be easily tuned by the amount of reducing 
agent, the concentration of precursors, and the reduction time. The resultant nanostructured metal 
chalcogenides are tested as potential thermoelectric materials. Pronounced enhancement in the 
figure of merit values (ZTs) of some metal chalcogenide nanostructures was observed due to the 
presence of nanograins or nanopores, which can effectively decrease the thermal conductivity. 
This method is an environmental-friendly process for the preparation of low-cost metal 
chalcogenide nanomaterials for thermoelectric applications.  
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